We present explicit expressions and the corresponding computer code for all homogeneous space Green's functions for coupled electromagnetic fields and poroelastic waves. The Green's functions are derived from the basic equations in closed-form in wavenumber-frequency and in space-frequency domains. They are given for point sources of any type. This adds several Green's functions to what has been published before. These Green's functions can be used in integral equation formulations, for numerical model validation, and for studying earthquake related electrokinetic effects. The wavenumber domain code for all Green's functions is given with the numerical test on the basic equations to demonstrate correctness. The numerical codes to compute them in space-frequency domain are also given. Numerical inverse FFT routine is used to provide space-time domain results. At seismic frequencies the fast P-wave is radiated with the largest amplitude in all fields, except for the magnetic fields where no P-waves are generated. At ultrasonic frequencies and in the particle and filtration velocity fields generated by an electric current source the slow P-wave has the strongest amplitude. In the filtration velocity and particle velocity the slow P-wave is, respectively, three orders and one order of magnitude stronger than the fast P-wave.
INTRODUCTION
A macroscopic model describing the coupling of electromagnetic fields and elastic waves in porous media has been derived by Pride (1994) . The model consists of coupling between Maxwell's electromagnetic field equations and Biot's equations for poroelastic waves. The coupling mechanism lies in the transport equations that are part of the Maxwell and Biot equations. The actual model parameters are subject to assumptions on the physical mechanisms underlying the model. In Pride's model the assumptions are that there are no wave induced diffusion effects, chemical gradients are absent so that no free charges are induced on the grain surfaces, the pore fluids are ideal electrolytes, there is no grain-scale wave scattering, all disturbances induce linear effects only, and piezo or other anisotropy effects are absent. Pride's postulations for the frequency dependent coupling coefficient, the dynamic permeability, and electric conductivity are not necessarily the best ones. An alternative formulation can be found in Revil and Mahardika (2013) , which allows for unsaturated porous media, and a recent development has paved the way to include two immiscible fluids in the pore volume (Jardani and Revil, 2015) . Two kinds of seismoelectric effects are known. The first kind is based on the the electric field changes while an elastic disturbances passes, because that disturbance creates resistivity changes within the elastic disturbance. The setup was made with two electrodes between which a constant current runs and the electric potential difference is measured while an elastic waves passes by the electrodes (Thompson, 1936) . The idea was that direct waves have different effects than reflections due to their large difference in apparent horizontal slownesses, which could be used to discriminate between them in a measurement. The second kind is what we now know as the coupling effect where the electric and magnetic fields are coupled (Ivanov, 1940; Martner and Sparks, 1959) . Although the coupling effect is known for a long time, the seismoelectromagnetic method is not routinely used in exploration geophysical activities. Field trials are reported on massive sulfide and hydrocarbon deposits (Kepic et al., 1995; Thompson et al., 2007) and for near surface investigations (Butler et al., 1996; Mikhailov et al., 2000; Garambois and Dietrich, 2001 ). The electrokinetic effect has been proposed as a mechanism for electromagnetic fields generated during earthquakes (Karakelian et al., 2002) , but no evidence was given. Laboratory experiments at ultrasonic frequencies have been reported where the coupled electromagnetic and elastic responses were observed (Zhu et al., 1999; Zhu and Toksöz, 2005; Bordes et al., 2006; Zhu et al., 2008; Bordes et al., 2008) . Experiments and numerical validation of experimental results have been reported successful (Schakel et al., 2011a,b) . Several numerical models have been developed for 2D media (Han and Wang, 2001 ; Haines and Pride, 2006; Zyserman et al., 2010; Guan et al., 2013; Kroeger et al., 2014) . Recently, dedicated data processing techniques were developed (Haines et al., 2007; Warden et al., 2012) . Inversion and laboratory experiments with successful inversion results have also been developed (Mahardika et al., 2012; Haas et al., 2013) . Laboratory observed transfer functions as a function of water saturation have been reported in Bordes et al. (2015) .
The first who published homogeneous space Green's functions were Pride and Haartsen (1996) who derived closed-form expressions for the electric field and the particle displacement and filtration displacement fields generated by an electric current and forces acting on the bulk and fluid, respectively. For these sources they continued by modeling point source responses in a horizontally stratified medium (Haartsen and Pride, 1997) . Haartsen et al. (1998) derived expressions for the streaming currents generated by point sources of vertical force and volume injection rate in a homogeneous porous medium. Curiously, the authors do not present possible closed-form expressions, but give their results as Hankel transformations, and they do not refer back to the closed-form expression given by Pride and Haartsen in 1996. Gao and Hu (2010) derived closed form expressions for the magnetic field generated by the three sources used in Pride and Haartsen (1996) . They also stated that not all sources can be represented by point sources, such as an explosive source or a moment tensor source. They derived closed-form expressions for the electric and magnetic fields generated by a moment tensor source. They did not introduce the source as a point source in the basic equations, but used results from elastodynamic theory to introduce moment tensor responses from known Green's functions for a force source active on the bulk. This is not entirely correct for the coupled seismic and electromagnetic model, because the influence of a force acting on the fluid should also be incorporated in the response to a moment tensor. They continued to model the response of a homogeneous halfspace in which a finite fault generated a seismoelectromagnetic response (Hu and Gao, 2011) . Here we give a proper source model that can be used as a source mechanism for earthquakes. Even though our model is a single homogeneous medium and the source is a point source, the way the source is incorporated allows for similar implementations in more complicated models. Garambois and Dietrich (2002) also developed a code for modeling point source responses in horizontally stratified media based on the scattering matrix formulation; Ren et al. (2010) developed a layered media model and code based on a slightly different implementation. Finally it is worth mentioning that when the coupling coefficient is set to zero, the Green's functions for the bulk stress, the acoustic pressure, particle and filtration velocity fields generated by force sources acting on the bulk and fluid as well as deformation rate and volume injections rate sources are obtained and be compared to those given in Karpfinger et al. (2009) . The equations developed here can be used in modeling when a primary-secondary formulation is used, such as in integral equation modeling, and to test numerical results of other codes when they model the direct fields numerically.
In this paper we derive closed form expressions for all Green's functions for fields generated by any type of source in a homogeneous medium. This is done by putting a source term in each of the basic equations whereby the explosion source is modeled as a volume injection rate and a moment tensor source is modeled as a deformation rate source. They both occur in the tensor and scalar deformation equations. There are six types of fields and six types of sources. We give the closed-form expressions of all Green's functions in the wavenumber-frequency domain. Ten tensor Green's functions are found with field-source dependent coefficients. The numerical codes are written Matlab and compute all fields for each source type * . In these codes the six basic equations are used to numerically validate the obtained Green's functions. These results are shown when the available codes are run, but these results are not shown here in the paper. We then evaluate the inverse spatial Fourier transformations in general terms and use the source-field coefficients in the closed-form expressions in the space-frequency domain Green's function expressions. We show some numerical results in the space-time domain and provide the numerical codes for all fields generated by any source type * . We briefly discuss the results of the space-time behavior.
BASIC EQUATIONS
The basic equations for the coupled electromagnetic fields and elastic waves in a homogeneous porous medium can be written as three sets of coupled equations (Pride, 1994; Revil and Mahardika, 2013) . The equations as they are given here below we assume linear medium responses so that linear macroscopic theory for isotropic media is valid. We develop the equations in the three-dimensional spatial-Fourier time-Laplace transformed domain. We use the following transformations. The time-Laplace transformation of a field quantity F (x, t) is given byF
where t denotes time and the Laplace transformation parameter s can be chosen as s = iω to reduce it to a temporal Fourier transformation and where i denotes the imaginary unit. The three-dimensional spatial Fourier transformation of a quantityF (x, s) is given by
The Cartesian vector components of the wavenumber vector k are denoted k m and x m denotes the coordinates of the position vector x. We use Einstein's summation convention for repeated lower case Latin subscripts in the range from 1 to 3, e.g.,
The first basic equations are the two modified Maxwell equations (Schoemaker et al., 2012) ,
where kmj is the anti-symmetric tensor of rank three, ijk = (i − j)(j − k)(k − i)/2. The vector components of the electric and magnetic field vectors are given byȆ k ,H j , whereas J (e)
denote the electric and magnetic current sources;w i is the filtration velocity
i ,v i denote the particle velocity vector components in the fluid and solid, respectively. The medium parameters are given by,
whereσ (e) ,σ (m) are the generalized electric and magnetic conductivity, which include electric and magnetic dissipation and polarization effects and ε, µ are the electric permittivity and magnetic permeability which account for propagation effects; η is viscosity,k is the dynamic permeability;L is the coupling coefficient. The equations of motion are given by
where ρ, ρ (f ) are the mass density of the bulk and fluid, respectively,τ ij ,p denote the components of the stress tensor and acoustic pressure, andf ,f (f ) represent the components of the force source vectors acting on the bulk and fluid, respectively. The deformation equations are given by
where δ ij denotes the components of the unit matrix; C, M are stiffness parameters of the porous solid and c ijkl is the stiffness tensor, given by
in which K G , G (f r) are the bulk and shear moduli of the porous solid. The deformation and volume injection rate sources are given byh ij ,q, respectively. The coupled seismic and electromagnetic wavefield has four different types of wavefields characterised by the slow and fast P-waves, the seismic shear wave, and the electromagnetic field. Hence we need to find the solution for these waves and fields. Because of the large number of coupled equations this is lengthy, yet straightforward. A relatively easy way is to eliminate the magnetic field, bulk stress, filtration velocity, and acoustic pressure, leaving a coupled system of equations for the electric field and the particle velocity in the solid. The detailed derivation of these two coupled equations is given in Appendix A and the solution procedure is given in Appendix Geophysics B. The fields can then be expressed with the aid of Green's functions and the sources as 
where the Green's functions have superscripts that relate to the field and source types, e.g. G
vf f ij
denotes the tensor components of the particle velocity Green's function component i generated by a force with component j exerted on the fluid andG mh ikl denotes the tensor components of the magnetic field Green's function component i generated by a deformation rate source with components kl exerted on the bulk. These Green's functions are given in closed form in the wavenumber-frequency and space-frequency domains in the following two sections, respectively.
WAVENUMBER DOMAIN GREEN'S FUNCTIONS
The Green's functions for the particle velocity and the electric field are derived in detail in Appendix B and all others follow from these. For the Green's functions we use tensor descriptions as outlined in Appendix B. They are given by
Geophysics
where the superscript s in equations 13-16 can be s = {f, e, f f } and superscript r in equation 13 can be r = {v, e, w}. Equation 13 contains the Green's functions derived in Pride and Haartsen (1996) and equation 15 is given in Gao and Hu (2010) , while the others are new. It can be observed that the direct source terms are still present in equation 22. These could be eliminated by reworking the other parts, but that does not lead to a more comprehensive result. For the Green's functions the following source-receiver reciprocity relations holdG
The scalar transversal and longitudinal wave Green's functions are given by
in which γ S , γ EM , γ P f , γ P s denote the spherical wavenumbers of the shear wave, electromagnetic field, and the fast and slow P-waves, respectively, given in equations B-9, B-10, B-12, and B-13.
The coefficients for the fields generated by a force source acting on the bulk are given byK
seismoelectromagnetic Green's functions Geophysics
The coefficients for the fields generated by an electric current source are given by
Notice that in equation 44 a separate factorG P P /ς is present. Although this term is absent in Pride and Haartsen (1996) it is necessary, which can be seen by taking the limit in the wavenumber-frequency domain ofL → 0. It is not required in the space-frequency domain in the same limit, showing that the simple pole at k = 0 does not give a contribution to the space-domain result as explained in Appendix B. The coefficients for the particle velocity generated by an electric current source are omitted, because these can be obtained from the reciprocity relations.
The coefficients for the fields generated by a force acting on the fluid, which cannot be directly found from reciprocity, are given by
The coefficients for the fields generated by the volume injection rate source, which cannot be directly found from reciprocity, are given by
The coefficients for the fields generated by a magnetic current source, which cannot be directly found from reciprocity, are given by
(64) Geophysics
The coefficients for the stress field generated by a deformation rate source, which cannot be directly found from reciprocity, are given by
With these coefficients all Green's functions are defined in the wavenumber-frequency domain. In the numerical codes provided with this paper all these Green's functions are computed and used in the basic equations to verify correctness numerically. The results are not shown in the paper, but can be obtained by running the codes available in the folder for wavenumber-frequency domain modeling where one script file for each source type is availabe to run the test. In the next section the space-frequency domain Green's functions are given.
SPACE-DOMAIN GREEN'S FUNCTIONS
Inverse spatial Fourier transformation as outlined in Appendix C gives the space-frequency domain Green's functions. We use the scalar and six tensor Green's functions for the four separate wave types derived in Appendix C to write the results. The Green's functions are given bŷ
The field coefficients for any source type are equal to the wavenumber domain coefficients with substitution of k = iγ W for each wave type to which the coefficient belongs, as shown in Appendix C. As an example the S-wave and P f -wave coefficients for the particle velocity generated by a force source acting on the bulk are given bŷ
All other coefficients can be found in the same way. Similarly source-receiver reciprocity relations in space-domain can be directly obtained from the wavenumber domain counterparts, e.g.,Ĝ
where it is noted that in the latter example not only source-receiver subscripts are interchanged, but also the two subscripts related to the deformation rate source are interchanged when related to the stress field. The other relations can be found in a similar way.
NUMERICAL RESULTS
The code that is available with the paper computes all fields generated by each type of source and will do so very fast on a simple desktop computer. However, to avoid a large number of figures here we show a limited number of field responses. Because the coupling coefficient is small, converted wavefields are small for seismic fields generated by seismic sources and for electromagnetic fields from electromagnetic sources. We therefore concentrate on seismic fields generated by electromagnetic sources. Because the magnetic current source only creates transversal waves it is sufficient to look at the seismic field responses to an electric current source. The reverse fields can be understood from source-receiver reciprocity. In this section we use x for x 1 , y for x 2 and z for x 3 . We take an electric current source in the origin and a grid of receivers in the (x, y)-plane at some depth below the source. The time source signature is a Ricker wavelet with center frequency of 40 Hz and of 400 kHz to mimic field seismic and ultrasonic measurement regimes. The medium parameters that have been used to generate the results are given in Table 1 .
We compute the particle velocity and filtration velocity fields generated by an electric current source emitting a Ricker wavelet with center frequency of 40 Hz in the horizontal seismoelectromagnetic Green's functions plane at a depth of z = 50 m below the source location. We show the four different wave types separately for G ve 11 (x, y, z, t) in Figure 1 and G we 11 (x, y, z, t) in Figure 2 for fixed z and t = 98 ms. The first observation is that in a single field the amplitudes of the four wave types differ by more than 10 orders of magnitude. The propagating waves are the S-wave and the fast P-wave and their amplitude difference four orders of magnitude.The S-waves shown in Figures 1a and 2a have a maximum propagation amplitude in the y-direction. It can be seen that the particle velocity S-wave is more than three orders of magnitude stronger than that of the filtration velocity. The particle velocity and filtration velocity in the electromagnetic and the slow P-waves of these fields are diffusive fields in the frequency band of the Ricker wavelet as can be seen from Figures 1b, 2b and 1c, 2c , respectively. In this snapshot their amplitudes are several orders of magnitude smaller than those of the propagating waves. The reason for the low amplitude of the particle velocity in the electromagnetic field is because the signal essentially arrives at t = 0 and there it has a maximum amplitude that is on the order of 10 −12 and the signal has a short duration of the time window of the Ricker wavelet. Hence, the particle velocity in the electromagnetic field has a similar maximum amplitude as the fast P-wave. For the slow P-wave it is different because the diffusion process is very slow and the signal is spread out over the whole time window, but with extremely small amplitude. The fast P-waves are shown in Figures 1d and 2d. They propagate with maximum amplitude in the x-direction and the particle velocity fast P-wave is more than three orders of magnitude stronger than that of the filtration velocity. The ratio of maximum amplitude of fast P-wave and S-wave in the particle velocity and the filtration velocity fields is approximately 5 × 10 3 . We can also observe that the particle velocity and filtration velocity fields have opposite polarity. The stress-field is similar, but because it has one extra gradient the radiation pattern is slightly different and is not shown here.
We compute the particle velocity and filtration velocity fields generated by an electric current source emitting a Ricker wavelet with center frequency of 400 kHz in the horizontal plane at a depth of z = 5 mm below the source location. At these frequencies we cannot use the static values for the permeability and coupling coefficients and we use the following relationsk
in which m is a shape factor that we take as m = 8 and ω c is the critical frequency given by ω c = φη/(α ∞ k 0 ρ (f ) ) and in our example ω c = 76.9 kHz. We show the four different wave types separately for G ve 11 (x, y, z, t) in Figure 3a -3d and G we 11 (x, y, z, t) in Figure 4a -4d for fixed z = 5 mm and t = 9.8 µs. The shear-waves can be seen in Figures 3a and 4a and it can be seen that the particle velocity S-wave is an order of magnitude stronger than that of the filtration velocity. The particle velocity and filtration velocity in the electromagnetic field is still diffusive in the ultrasonic frequency band of the Ricker wavelet as can be seen from Figures 3b and 4b . The reason for the low amplitude of the particle velocity in the electromagnetic field is because the signal essentially arrives at t = 0 and there it has a maximum amplitude and the signal has a short duration of the time window of the Ricker wavelet so we observe the tail end of the Ricker wavelet. At these frequencies the slow P-wave is a propagating wave with a propagation velocity below that of the shear wave as can be seen in Figures 3c and 4c , respectively. The slow P-waves are the strongest signal Geophysics Fast P-wave of G we 11 (x, y, z = 5mm, t = 9.8µs)
x distance from source (mm) y distance from source (mm) in this frequency band and the filtration velocity slow P-wave is more than three times stronger than that of the particle velocity. The fast P-waves are shown in Figures 1d and 2d and the particle velocity fast P-wave is just over one order of magnitude stronger than that of the filtration velocity. The ratio of maximum amplitude of fast P-wave and S-wave in the particle velocity and the filtration velocity fields has increased compared to the low frequency example above to approximately 10 8 . We can observe that the particle velocity and filtration velocity fields have opposite polarity. We can also observe that the electric field at seismic frequencies has opposite polarity relative to the electric field at ultrasonic frequencies.
CONCLUSIONS
We have derived closed-form expressions for the Green's functions corresponding to all fields and any type of source. This was done by reducing the coupled system of equations to an algebraic system for the particle velocity and the electric field in the wavenumberfrequency domain. The solution of this reduced set naturally leads to separated solutions for transversal and longitudinal wavefields and is given in terms of four tensors of rank two. These tensors are the time-step response Green's functions for the particle velocity and electric field generated by a force source acting on the bulk and the fluid, respectively. All Green's functions for the particle velocity generated by other sources are linear combinations of the Green's functions for the particle velocity generated by a force source acting on the bulk and the fluid. Similarly, all Green's functions for the electric field generated by other sources are linear combinations of the Green's functions for the electric field generated by a force source acting on the bulk and the fluid. From these expressions and the basic equations the Green's functions for all fields generated by any source can be found algebraically. After these are found a three-dimensional inverse spatial Fourier transformation could be evaluated analytically to find closed-form expression for all the Green's functions in space-frequency domain. Space-time domain results are then obtained numerically using an inverse FFT routine.
We have provided numerical codes in which all fields are computed for a particular source and substituted the results in the basic equations in wavenumber-frequency domain to demonstrate correctness of the results. This is done for all sources, but for a single component, which suffices to demonstrate correctness of the obtained results. We have also provided numerical codes to compute all fields generated by each source separately. For an electric current source we have shown numerical results by separating the four wave types. This allowed to analyse and compare the results. At seismic frequencies the fast P-wave is radiated with the strongest amplitude in all fields, except for the magnetic field where only transversal waves are generated. At ultrasonic frequencies the slow P-wave is the strongest signal of the four types. In the filtration and particle velocity fields generated by an electric current source the slow P-wave is, respectively, three orders and one order of magnitiude lager than the fast P-wave, which is the second strongest wave component in these fields.
with the aid of equation 4, which gives
in which k 2 = k m k m . Equation A-1 relates the electric field and the filtration velocity to the action of electric and magnetic current sources. By taking the scalar product with k in equation A-1 we obtain
which allows expressing k nwn in terms of k nȆn and k nJ (e) n . We now eliminatep using equation 10 in equation 8 and find
from which we eliminatew i and k mwm using equations A-1 and A-2 yielding
Equation A-4 is the first equation that we need to find Green's function expressions for the electric field and particle velocity.
For the second set of equations we start by eliminatingτ ij from equation 7 using equation 9, which leads to
from which we eliminatew i and k mwm using equations A-1 and A-2 resulting in
We substitute the expression for c ijkl of equation 11 in equation A-6 to obtain an expression where the particle velocity and its divergence occur explicitly
with H = K G + 4G (f r) /3. Equation A-7 is the second equation for the electric field and the particle velocity. Equations A-4 and A-7 can be combined in a matrix equation given by
seismoelectromagnetic Green's functions with the source vectors given by
The coefficients are given by
and
For later use it is convenient to also have the following combinations
(A-12)
APPENDIX B: MATRIX INVERSION AND GREEN'S FUNCTIONS
Let us write the matrix of equation A-8 as
Then the inverse can be written as
Because of the fact that our matrix consists of four similar symmetric square block matrices we are only interested in the expression for P. It is given by P = (A − BD −1 C) −1 and the other matrices can be found from this solution by substitution. The matrix of equation B-1 consists of four 3 × 3 block matrices. The inverse of each such block matrix is given by
In this expression the spherical wave numbers of the fast and slow longitudinal waves, γ P f , γ P s , respectively, are given by
with {γ P f , γ P s } ≥ 0, and
We can now write the matrices as
From the fact that k = 0 gives a zero contribution we find the following identity from the matrix P as (B-19) which is easily verified to be correct. The same result is obtained from taking k = 0 in any of the other matrices. It can also be used to check results of Green's functions that are linear combinations of these matrices. The Green's functions for the particle velocity and the electric field of equation 12 can be written in terms of the four matrices as By comparing equation B-31 with equations B-26 and B-28 it can be seen that the electric field generated by a deformation rate source can be written by two moment tensors, one for the responses of a force source acting on the bulk and one for a force source acting on the fluid. Incorporation of a deformation source as a source term gives a contribution CR ij ik j δ kl that is not included in the response given by Gao and Hu (2010) . This has an effect on the derived responses for other field quantities. All other Green's functions can be found from these sets and the basic equations. All Green's functions are explicitly given in the main text. For notational convenience we give the expressions for the scalar Green's functions for transversalG SS and longitudinal wavesG P P as
(B-32)
(B-33)
These are used in the main text for ease of notation that can be used in space-frequency domain as well.
leading toĤ (x, s) =F (iγ a , s) exp(−γ a |x|) 4π|x| .
(C-9)
In the rest of the Green's function expressions the k-dependent factors are of the form −ik i and k i k j /k 2 and lead to spatial derivatives ∂ i and γ −2 W ∂ i ∂ j after transformation. In the last expression W refers to the wave type, which can be W = {P f, P s, S, EM }. From equations 13-22 we observe that up to four gradients for a Green's function of wave type W must be evaluated,Ĝ (C-10) in which R is the source-receiver distance R = |x − x s | > 0.
If we take one to four gradients we obtain (C-14)
For the Green's functions we define six tensor Green's functions with which we can write all fields generated by any source,
With these results and expressions for the gradients we can find all space domain Green's functions and these are given in the main text.
